Hepatocellular carcinoma (HCC), one of the most common cancer in the world, is the second leading cause of cancer-related death worldwide in men[@b1]. Despite short-term improvements made by curative hepatectomy along with other surgical and therapeutic approaches, such as local ablation therapy and transarterial chemoembolization, the overall survival remains unsatisfactory in HCC patients due to high recurrence and metastasis rates after curative hepatectomy[@b2][@b3].

Over recent decades, various molecular biomarkers for early detection and additional prognostic information in HCC have been explored and investigated. For instance, serum a-fetoprotein (AFP) is regarded as the most widely accepted serum marker for its diagnostic and predictive value in HCC patients. In addition, new biomarkers in HCC, such as des-*y*-carboxyprothrombin (DCP), glypican3, osteopontin, and Golgi protein 73 (GP73), have also been found and shown to be of some clinical value[@b4][@b5][@b6][@b7]. However, the search for specific biomarkers that can evaluate the recurrence and prognosis of HCC and guide molecular targeting therapy in HCC remains substantially limited. Therefore, it is imperative to pay more attention to the investigation of novel specific markers for predicting tumorigenesis, metastasis, recurrence and prognosis for HCC patients.

G protein-coupled receptors(GPCRs) are one of the most significant classes of cell surface receptors and play critical roles in cell physiology[@b8][@b9]. Heterotrimeric G proteins, consisting of Gα-subunit, Gβ-subunit and Gγ-subunit, can mediate signaling through specific GPCRs. Among all Gα families (namely Gs, Gi, Gq and G12), the G12 subfamily, consisting of Gα12(GNA12) and Gα13(GNA13), has been of particular interest to oncologists due to their roles in promoting oncogenic transformation and tumor cell growth[@b10][@b11][@b12]. Previous studies have found that GNA12 and GNA13 proteins are up-regulated in several human cancers, and the GNA12/GNA13 signaling may exhibit a crucial role in cancer cell invasion and metastasis[@b13][@b14][@b15]. Of note, there are more studies which focus on the role of GNA12 in cancer biology, while less was studied about the specific role of GNA13. Recently, increased expression of GNA13 has been found in several types of malignancies, especially in more aggressive breast and prostate cancer. Furthermore, the impact of this upregulation could contribute to cancer cell invasion and migration[@b16][@b17]. Li and the colleagues found GNA13 played a critical role in lysophosphatidic acid (LPA)-stimulated invasive migration of pancreatic cancer cells[@b18]. We previously observed that upregulation of GNA13 could promote the tumorigenicity and proliferation of gastric cancer(GC) cells[@b19]. In addition, elevated expression of GNA13 was reported to exert proliferative effects in human small cell lung cancer cells[@b20]. However, to date, the expression status of GNA13 in HCC and its significance remains largely elusive.

In this study, qRT-PCR, western blotting, and immunohistochemistry (IHC) were performed to examine the mRNA and protein levels of GNA13 in HCC, and the relationship between GNA13 expression and various clinicopathologic parameters was evaluated in order to systematically investigate the clinicopathological and prognostic impacts of GNA13 in HCC patients.

Results
=======

Detection of GNA13 expression in HCC based on western blotting and qPCR
-----------------------------------------------------------------------

Western blotting was employed to examine the expression of GNA13 in 12 pairs of matched HCC samples and adjacent non-cancerous tissues. As described in [Fig. 1A](#f1){ref-type="fig"}, among the total fresh samples, 10 HCC samples exhibited higher GNA13 expression compared to that in the corresponding normal tissues. We also used qPCR to detect the GNA13 mRNA expression level in the 12 pairs of tissues. The qPCR revealed consistent results, where mRNA expression of GNA13 in HCC tissue was obviously higher than that in adjacent non-cancerous liver tissues (P = 0.006) ([Fig. 1B](#f1){ref-type="fig"}).

Detection of GNA13 expression in HCC by immunohistochemistry(IHC)
-----------------------------------------------------------------

The GNA13 expression level in 246 pairs of HCC and adjacent non-tumorous liver tissues was further examined by IHC ([Fig. 2](#f2){ref-type="fig"}). As shown in [Fig. 2B](#f2){ref-type="fig"}, high expression of GNA13 protein was detected in 148/246(60.2%) of HCC tissues. Furthermore, high levels of GNA13 were mainly found in the cytoplasm of carcinoma cells. In contrast, weak or negative GNA13 staining was observed in adjacent normal liver tissues ([Fig. 2A](#f2){ref-type="fig"}). The four categories of the intensity of GNA13 immunostaining are described in [Fig. 3](#f3){ref-type="fig"}. According to immunohistochemical scores(IHC scores), the patients were divided into two groups: low GNA13 expression group (IHC score ≤ 4) and high GNA13 expression group (IHC score \> 4).

The association between GNA13 expression and clinicopathological parameters
---------------------------------------------------------------------------

Pearson's chi-square (χ2) test/Fisher's exact test was performed to investigate the association between GNA13 expression and clinicopathological characteristics in 246 cases with HCC. Our analyses showed significant correlations between GNA13 expression and three characteristics including tumor multiplicity (P = 0.004), TNM stage (P = 0.002) and BCLC stage (P = 0.010). However, we found no statistically significant correlations between GNA13 expression and the rest of clinicopathological features, such as patient age, gender, AFP, HBsAg, Liver cirrhosis, tumor size, pathological grades, and vascular invasion (P \> 0.05, [Table 1](#t1){ref-type="table"}).

The relationship of high GNA13 expression with poor survival in HCC patient
---------------------------------------------------------------------------

The relationship between GNA13 expression in HCC patients and the survival time of these patients was analyzed by Kaplan-Meier analysis and the log-rank test ([Fig. 4](#f4){ref-type="fig"}). The log-rank test showed that the survival time was different between high and low GNA13 expression groups. The median overall survival (OS) time of high GNA13 expression group was 39.1 months, remarkably shorter than that of low GNA13 expression group (48.9 months) (log-rank test, P = 0.003, [Fig. 4A](#f4){ref-type="fig"}). Furthermore, the patients with high GNA13 expression exhibited a significantly shorter DFS than those exhibiting low expression of GNA13 (log-rank test, P = 0.001, [Fig. 4B](#f4){ref-type="fig"}). Moreover, we deployed survival analysis towards the level of GNA13 expression in subgroups of HCC patients against tumor size, TNM stages, and histological grades. Our results revealed that high expression of GNA13 could be a prognostic factor for HCC patients with tumor size \>5 cm (OS: P = 0.005, [Fig. 4C](#f4){ref-type="fig"}; DFS: P = 0.002, [Fig. 4D](#f4){ref-type="fig"}), TNM stage III/IV (OS: P = 0.016, [Fig. 4E](#f4){ref-type="fig"}; DFS: P = 0.020, [Fig. 4F](#f4){ref-type="fig"}), and pathological grade III/IV (OS: P = 0.038, [Fig. 4G](#f4){ref-type="fig"}; DFS:P = 0.008, [Fig. 4H](#f4){ref-type="fig"}).

In addition, the prognostic value of GNA13 expression for OS and DFS was analyzed using a univariate analysis model on these clinialpathological parameters ([Tables 2](#t2){ref-type="table"} and [3](#t3){ref-type="table"}). Based on this analysis, GNA13 expression, tumor size, tumor multiplicity, liver cirrhosis, pathological grades, TNM stage, BCLC stage and vascular invasion were found to impact survival. Next, these statistically significant parameters were further examined using a multivariate Cox regression analysis to evaluate the significance of GNA13 expression in HCC prognosis ([Tables 2](#t2){ref-type="table"} and [3](#t3){ref-type="table"}). We observed that GNA13 expression, pathological grades and tumor size were independent prognostic factors for OS, whereas GNA13 expression, as well as pathological grades and liver cirrhosis, were independent prognostic factors for DFS. Therefore, the results suggested that the GNA13 expression level was significantly associated with the prognosis of HCC.

Effect of GNA13 overexpression on cell proliferation and invasion
-----------------------------------------------------------------

To determine the effect of GNA13 on cell proliferation and invasion in HCC cells, we established stable GNA13-overexpressing HCC cells, HepG2 and SMMC-7721. In the MTT assay, overexpression of GNA13 could not promote cell proliferation in both HepG2 and SMMC-7721 cells *in vitro* compared to the vector controls group ([Fig. 5a](#f5){ref-type="fig"}). By contrast, the invasion assay proved that the cell invasion ability was significantly increased after overexpression of GNA13 expression in HepG2 and SMMC-7721 cells when compared with vector controls ([Fig. 5b](#f5){ref-type="fig"}).

Effect of GNA13 overexpression on the expression of P-AKT and P-ERK
-------------------------------------------------------------------

To investigate the possible oncogenic pathways that may involve the function of GNA13, western blotting was performed. The results showed that overexpression of GNA13 had no obvious effect on the protein levels of P-AKT and P-ERK in HepG2 and SMMC-7721 cells ([Supplementary Figure S1](#S1){ref-type="supplementary-material"}). Our data suggest that GNA13 overexpression in HCC cells led to cancer progression and tumorigenesis via other signalling pathways.

Discussion
==========

To our knowledge, clinical/pathological staging is the most commonly and widely used predictive methods for the prognosis of patients with HCC. However, the prognosis of HCC patients with the same clinical/pathological stage often deviates after curative hepatectomy, and this discrepancy is usually unexplained. Thus, it is useful to find new biomarkers for the prognosis and optimal treatment strategies of HCC.

Recently, many GPCRs and their respective ligands have been shown to correlate with tumor formation and organ-specific metastasis in several types of malignancies[@b21]. These GPCRs can signal through heterotrimeric G proteins, especially the GNA12/GNA13 subfamily which has been shown to mediate cancer cell invasion and metastasis[@b22][@b23][@b24][@b25][@b26]. It was reported that GAN13 had been closely associated with tumor progression in different types of human cancers, such as prostate, breast, colorectal, pancreatic and gastric cancers[@b16][@b17][@b19][@b20][@b27]. These findings reveal a potential carcinogenic role of GNA13 in multiple human malignancies. To date, however, the expression status of GNA13 in HCC and its relationship with the clinicopathological parameters have not been elucidated. In a small test at the beginning of the present study, western blotting and qPCR were performed to examine the expression level of GNA13 in several paired HCC and adjacent non-neoplastic tissues. GNA13 expression was apparently upregulated at the protein and mRNA level in 10 out of 12 cases. The expression of GNA13 protein was then evaluated by immunohistochemistry(IHC) in an expanded population with 246 pairs of HCC samples. We observed that the GNA13 protein was predominantly detected in the cytoplasm of HCC and was increased in 60.2% of paraffin-embedded HCC tissues. By contrast, the normal liver tissues presented mainly negative expression of GNA13. These findings suggest that upregulation of GNA13 expression may provide a selective advantage in the HCC tumorigenic processes.

Previous data suggested that GNA13 was significantly upregulated in more aggressive breast cancer cells, and elevated GNA13 expression might be used as a potential marker for breast cancer progression[@b16]. We reported that GNA13 was upregulated in gastric cancer(GC), and GNA13 upregulation was closely associated with aggressive characteristic of cancer progression and poor survival in GC patients[@b19]. In the current study, we provided evidence that increased expression of GNA13 was significantly associated with invasive characteristics of HCC, including *multiple liver lesions*, advanced TNM stage, and BCLC stage. Importantly, the Kaplan-Meier curve and multivariate Cox regression analysis were performed to show that high GNA13 expression was identified as an independent predictor for shorter OS and DFS in HCC. Based on the subgroup analysis, GNA13 predicted the clinical outcome of the following subsets of HCC patients: tumor size \> 5 cm, TNM stage III/IV, and pathological grade III/IV. Therefore, high GNA13 expression seems to have the potential to predict poor OS and DFS outcomes in patients with HCC. The detection of GNA13 expression status might be served as an integrated approach for identifying HCC patients at high risk of cancer progression. Thus, HCC patients with high GNA13 expression should be paid much more attention to and/or should be more closely followed up after surgical resection.

GNA13 has been demonstrated to be an important regulator of cancer cell proliferation, invasion, migration and metastasis[@b18][@b28][@b29][@b30]. It has been reported that GNA13 expression is regulated via post-transcriptional mechanisms involving some microRNAs in prostate and breast cancer cells[@b16][@b17]. The deregulation of microRNAs has been associated with tumorigenesis, invasion, and metastasis in several human tumors[@b31][@b32]. Moreover, elevated expression of GNA13 promoted colorectal cancer metastasis by triggering the epithelial-mesenchymal transition (EMT)[@b27]. A number of previous studies indicate that GNA12/13 proteins have the potential to mediate cancer cell invasion and metastasis via activating RhoA[@b14][@b33][@b34]. Previously, we also underlined that increased expression of GNA13 could accelerate the G1/S phase transition, thereby promoting cancer cell proliferation and tumorigenesis probably due to modulation of c-Myc and FOXO1 activity[@b19]. However, loss of GNA13 triggered the growth and dissemination of germinal center B cells, and thus contributing to the development and progression of germinal center B cell-derived lymphoma[@b35]. These seemingly contradictory results suggested that abnormal expression of GNA13 in different types of tumors might affect different molecular signal pathways. In our study, overexpression of GNA13 couldn't promote cell proliferation *in vitro*, but could significantly promote cell invasion in HCC cell lines. Additionally, we found that overexpression of GNA13 had no obvious effect on the protein levels of P-AKT and P-ERK ([Supplementary Figure S1](#S1){ref-type="supplementary-material"}), suggesting that GNA13 might affect HCC progression via other pathways. All these data implied that the role of GNA13 in human cancer is tissue-specific. Although we observed that high expression of GNA13 in HCC was closely implicated in tumor progression, further investigation is needed to fully elucidate the precise mechanisms of GNA13 involved in the metastasis and progression of HCC.

In summary, our study demonstrated for the first time that GNA13 was highly expressed in HCC, and increased GNA13 expression was closely associated with unfavorable prognosis in HCC. These data indicated the expression levels of GNA13, as detected by IHC, could be a potential biomarker for poor differentiation and a useful predictor for unfavourable prognosis of HCC patients after curative hepatectomy.

Materials and Methods
=====================

Patients and tissue specimens
-----------------------------

For analysis of mRNA and protein expression, fresh tumor tissue samples and matched adjacent non-cancerous liver tissue samples from 12 HCC patients were obtained in operation from the First Affiliated Hospital, Sun Yat-Sen University, Guangzhou, China. These resected tissue samples were rapidly frozen and stored at a −80 °C until they were used for qPCR and western blotting. Paraffin-embedded specimens of 246 HCC patients from Sun Yat-Sen University Cancer Center between February 1999 and June 2002, as well as clinical and pathological data (such as gender, age, tumor size, AFP, HBsAg, liver cirrhosis, tumor multiplicity, pathological stage, TNM stage, BCLC stage and vascular invasion), were obtained to expand the study. None of these patients had distant metastasis or received any anti-tumor treatments before operation. The follow-up data were obtained by telephone or from the outpatient records. Patients with unknown cause of death were excluded. Among the 246 HCC patients aged from 17 to 75 years (mean, 49 years), there were 225 males (91.5%) and 21 females (8.5%). The clinicopathological parameters for these patients were summarized in [Table 1](#t1){ref-type="table"}. The tumor stages were defined according to the seventh edition of the American Joint Committee on Cancer Staging manual and the 2011 edition of the Barcelona Clinic Liver Cancer (BCLC) staging system. The pathological grade of tumor differentiation was evaluated according to the criteria proposed by Edmonson and Steiner. The study was approved by the Ethics Committee of Sun Yat-sen University and written informed consent was obtained from all patients. All experimental methods were carried out in accordance with approved guidelines of Sun Yat-Sen University.

Quantitative real-time polymerase chain reaction (qPCR)
-------------------------------------------------------

Total RNA was extracted from 12 pairs of HCC tissues and matched adjacent non-malignant liver tissues using Trizol regent (Invitrogen, Grand Island, NY, USA) and cDNA was synthesized by SuperScript *Reverse Transcriptase* kit (Promega, Madison, WI, USA) according to the manufacturer's instruction. The primer sequences used to amplify GNA13 were: TCGGGAAAAGACCTATGTGAA (forward) and CAACCAGCACCCTCATACCT (reverse). GAPDH was used as an internal control for normalization.

Western blotting
----------------

12 pairs of fresh HCC tissues, the matched adjacent non-tumorous liver tissues and HCC cells (HepG2 and SMMC-7721) were lysed in a RIPA lysis buffer, and lysates were cleared by centrifugation (12,000 rpm, 30 min, 4 °C), respectively. Afterwards, the supernatant was collected and mixtures of proteins was separated by SDS-polyacrylamide gel electrophoresis (PAGE), and subsequently transferred onto a polyvinylidene difluoride (PVDF) membrane (Pall Corp., Port Washington, NY). The membrane was blocked with 5% skimmed milk for 1 h and then incubated with primary mouse monoclonal antibodies against GNA13, P-AKT, P-ERK, and GAPDH (1:1000 dilution; Abcam, Cambridge, MA, USA) at 4 °C overnight. After thoroughly washing the membrane, it was then incubated with the secondary anti-mouse antibody from Santa Cruz Biotechnology (Santa Cruz Biotechnology, CA, USA) for 1 h at room temperature. Finally, the immunoreactive signals were detected by means of an enhanced chemiluminescence (ECL) Western blotting detection protocol.

Immunohistochemistry
--------------------

Immunohistochemical analysis was carried out to examine the GNA13 expression levels with a standard two-step method in 246 HCC tissue specimens. The paraffin-embedded HCC specimens were cut into 5-μm sections and placed in an oven at 65˚C for 2 h. The sections were then deparaffinised in xylene and hydrated through a series of graded ethanol. Subsequently, the sections were immersed in 3% hydrogen peroxide for 10 min to block the endogenous peroxidase activity. To retrieve the antigenicity, the slides were then boiled in citrate buffer solution (pH 6.5) for 20 min in a micro-wave oven. After washing three times for 5 min in phosphate buffered saline (PBS), the sections were incubated with a primary antibody against GNA13 (1:500 dilution; Abcam, Cambridge, MA, USA) at 4˚C overnight. After rinsing three times for 5 min in PBS, the tissue sections were sequentially incubated with a secondary antibody for 1 hour at room temperature. After three further washes in PBS, the sections were stained with 3,3-diaminobenzidine (DAB), counterstained with Mayer's haematoxylin, dehydrated and mounted. Slides with positive immunohistochemical staining were considered as the positive controls. The slides were immunoreacted with PBS for use as negative controls.

Immunohistochemical (IHC) evaluation
------------------------------------

The evaluation of IHC results was performed by three independent pathologists. Cytoplasmic immunoreactivity for the GNA13 protein was scored by evaluating the intensity of staining and the proportion of positive tumor cells. In brief, the intensity of staining was graded as follows: 0 (no staining), 1 (weakly stained, light yellow), 2 (moderately stained, yellow brown), and 3 (strongly stained, brown). We scored the proportion of positively stained tumor cells according to the following standard: 0 (0%), 1 (1--10%), 2 (11--50%), 3 (51--80%), and 4 (81--100%). Then, the IHC scores were obtained by multiplying the intensity and the proportion scores. Based on this method, the IHC scores were finally classified as follow: "−" (IHC scores 0), "+" (IHC scores 1--4), "++" (IHC scores 5--8), and "+++" (IHC scores 9--12). For the purpose of statistical analysis, the cohort of 246 patients with HCC was divided into low GNA13 expression group ("−", "+") and high GNA13 expression group ("++", "+++").

Cell proliferation assay
------------------------

The vector construction was detailed previously[@b19]. Cell proliferation was analyzed using a 3-(4, 5-dimethylthiazol-2-yl)-175 2, 5-diphenyl tetrazolium bromide (MTT) assay (Sigma). Briefly, cells were seeded in 96-well plates and cultured. Cell proliferation was examined by following standard procedures. Experiments were performed in triplicate.

Transwell invasion assay
------------------------

About harvested cells (1 × 10^5^) in 100 μl of serum-free DMEM were added into the upper compartment of 8-μm-pore Transwells (Costar, Corning, Cambridge, MA, USA) and 200 μl of 10% FBS in free medium (Gibco, Invitrogen, Carlsbad, CA, USA) was placed in the lower compartment. The cells were allowed to migrate for 24 h of incubation at 37 °C. For quantification, the cells in the lower compartment were stained with haematoxylin and counted in five randomly selected visual fields (x200 magnification) under a microscope. The experiment was repeated 3 times.

Statistical analysis
--------------------

Statistical analyses were performed with SPSS v19.0 (IBM). P-values less than 0.05 were considered to be statistically significant. Pearson's chi-square (χ2) test/Fisher's exact test was utilized to evaluate the association between GNA13 expression and the clinicopathological characteristics. OS (Overall Survival) was defined as the interval between date of surgery and date of death or between date of surgery and date of the last observation. DFS (Disease-Free Survival) was defined as the time from date of surgery to date of cancer progression, metastasis, or death. Estimates of the cumulative survival distributions were calculated by the Kaplan-Meier method, and the differences between the two groups were compared using the log-rank test. The significance of various clinicopathological variables was evaluated using univariate and multivariate Cox proportional hazard regression model. The variables that were considered to be significant based on the univariate regression model were selected and analyzed by the multivariate Cox regression model.
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![The expression of GNA13 in HCC by Western blotting and qPCR.\
(**A**) Among 12 HCC cases, increased expression of GNA13 was detected via western blotting in 10 pairs of HCC tissues compared with the matched non-cancerous liver tissues. The expression levels were normalised to those of GAPDH. (**B**) The mRNA expression of GNA13 was significantly upregulated in 10/12 pairs of HCC tissues based on qPCR. The expression levels were normalised to those of GAPDH. N, adjacent normal liver tissue; T, HCC tissue.](srep35948-f1){#f1}

![Representative images of GNA13 expression in adjacent non-cancerous liver tissues and HCC tissues via IHC.\
GNA13 was absent or only weakly detected in adjacent normal liver cells (**A**), whereas its upregulation was mainly detected in HCC tissues (**B**) (original magnification, x100 and x400)(Left). The box plot showed the mean staining score of GNA13 in HCC tissues (T) and the adjacent non-cancerous liver tissues (N) (P \< 0.001)(Right).](srep35948-f2){#f2}

![The protein expression of GNA13 in HCC by immunohistochemistry.\
The representative images show different staining intensities of GNA13: (**a**) negative staining, (**b**) weak staining, (**c**) moderate staining, and (**d**) strong staining (original magnification, x100 and x400).](srep35948-f3){#f3}

![Survival analysis of GNA13 expression by Kaplan-Meier method.\
Overall survival rate and disease-free survival rate in total (**A**,**B**) HCC patients with low/high GNA13 expression. Overall survival rate and disease-free survival rate in tumor size \> 5 cm (**C**,**D**), TNM stage III/IV (**E**,**F**), and pathological grade III/IV (**G**,**H**) HCC patients with low/high GNA13 expression.](srep35948-f4){#f4}

![Effect of GNA13 overexpression on cell proliferation and invasion *in vitro*.\
**(a)** Overexpression of GNA13 could not promote the proliferation of HepG2 and SMMC-7721 cells *in vitro* as determined by MTT assay. **(b)** In the invasion assay, the cell invasion ability was significantly increased after overexpression of GNA13 in HepG2 and SMMC-7721 cells when compared with Vector control. Bars represent the mean ± SD of three independent experiments. \*P \< 0.05.](srep35948-f5){#f5}

###### Correlation between GNA13 expression and clinical and pathological characters in HCC patients.

  Variable                                  All cases N = 246 (%)   Low GNA13 expression N = 98 (%)   High GNA13 expression N = 148 (%)    χ^2^                 P value
  ---------------------------------------- ----------------------- --------------------------------- ----------------------------------- -------- -----------------------------------
  Age (years)[a](#t1-fn1){ref-type="fn"}                                                                                                  0.329                  0.566
   ≤49                                           121 (49.2)                    46 (38.0)                          75 (62.0)                                         
   \>49                                          125 (50.8)                    52 (41.6)                          73 (58.4)                                         
  Mean ± SD (49.4 ± 12.1)                                                                                                                         
  Gender                                                                                                                                  1.216                  0.270
   Female                                         21 (8.5)                     6 (28.6)                           15 (71.4)                                         
   Male                                          225 (91.5)                    92 (40.9)                         133 (59.1)                                         
  HBsAg                                                                                                                                   0.665                  0.415
   Yes                                           216 (87.8)                    84 (38.9)                         132 (61.1)                                         
   No                                             30 (12.2)                    14 (46.7)                          16 (53.3)                                         
  AFP (ng/ml)                                                                                                                             1.981                  0.159
   \<200                                         112 (45.5)                    50 (44.6)                          62 (55.4)                                         
   ≥200                                          134 (54.5)                    48 (35.8)                          86 (64.2)                                         
  Liver cirrhosis                                                                                                                         3.413                  0.065
   Yes                                           191 (77.6)                    82 (42.9)                         109 (57.1)                                         
   No                                             55 (22.4)                    16 (29.1)                          39 (70.9)                                         
  Tumor size (cm)                                                                                                                         0.923                  0.337
   ≤5                                             89 (36.2)                    39 (43.8)                          50 (56.2)                                         
   \>5                                           157 (63.8)                    59 (37.6)                          98 (62.4)                                         
  Tumor multiplicity                                                                                                                      8.400    0.004[\*](#t1-fn2){ref-type="fn"}
   Single                                        202 (82.1)                    89 (44.1)                         113 (55.9)                                         
   Multiple                                       44 (17.9)                    9 (20.5)                           35 (79.5)                                         
  Pathological grade                                                                                                                      2.705                  0.439
   Well (I)                                       20 (8.1)                     11 (55.0)                          9 (45.0)                                          
   Moderate (II)                                 107 (43.5)                    44 (41.1)                          63 (58.9)                                         
   Poor (III)                                    114 (46.4)                    41 (36.0)                          73 (64.0)                                         
   Undifferentiated (IV)                           5 (2.0)                     2 (40.0)                           3 (60.0)                                          
  TNM stage                                                                                                                               14.644   0.002[\*](#t1-fn2){ref-type="fn"}
   I                                             160 (65.0)                    77 (48.1)                          83 (51.9)                                         
   II                                             18 (7.3)                     6 (33.3)                           12 (66.7)                                         
   III                                            56 (22.8)                    11 (19.6)                          45 (80.4)                                         
   IV                                             12 (4.9)                     4 (33.3)                           8 (66.7)                                          
  BCLC stage                                                                                                                              11.295   0.010[\*](#t1-fn2){ref-type="fn"}
   0                                               9 (3.7)                     6 (66.7)                           3 (33.3)                                          
   A                                             171 (69.5)                    76 (44.4)                          95 (55.6)                                         
   B                                              38 (15.4)                    8 (21.1)                           30 (78.9)                                         
   C                                              28 (11.4)                    8 (28.6)                           20 (71.4)                                         
  Vascular invasion                                                                                                                       2.514                  0.113
   Yes                                            18 (7.3)                     4 (22.2)                           14 (77.8)                                         
   No                                            228 (92.7)                    94 (41.2)                         134 (58.8)                                         

^a^patients were divided according to the median age; AFP: alpha-fetoprotein; HBsAg: hepatitis B surface antigen.

^\*^P \< 0.05.

###### Univariate and multivariate Cox regression analysis of prognostic factors in 246 HCC patients for overall survival.

  Variable                  Univariate analysis   Multivariate analysis                                                             
  ------------------------ --------------------- ----------------------- ----------------------------------- ------- -------------- -----------------------------------
  **Overall survival**                                                                                                              
  Age (years)                                                                                                                       
   \>49 vs. ≤49                    1.005              0.991--1.019                      0.504                                                         
  Sex                                                                                                                               
   male vs. female                 0.670              0.353--1.274                      0.222                                                         
  AFP (ng/ml)                                                                                                                       
   ≥200 vs. \<200                  1.214              0.878--1.679                      0.241                                                         
  Liver cirrhosis                                                                                                                   
   Positive vs. Negative           1.226              0.821--1.830                      0.320                                                         
  Tumor size(cm)                                                                                                                    
   \>5 vs. ≤5                      1.704              1.200--2.421        0.003[\*](#t2-fn1){ref-type="fn"}   1.596   1.110--2.294   0.012[\*](#t2-fn1){ref-type="fn"}
  Tumor multiplicity                                                                                                                
   Multiple vs. Single             1.787              1.218--2.622        0.003[\*](#t2-fn1){ref-type="fn"}   1.864   0.831--4.183                 0.131
  Pathological grade                                                                                                                
   III-IV vs. I-II                 1.685              1.218--2.331        0.002[\*](#t2-fn1){ref-type="fn"}   1.604   1.145--2.248   0.006[\*](#t2-fn1){ref-type="fn"}
  TNM stage                                                                                                                         
   III-IV vs. I-II                 1.583              1.121--2.235        0.009[\*](#t2-fn1){ref-type="fn"}   0.961   0.580--1.593                 0.879
  BCLC stage                                                                                                                        
   B-C vs. 0-A                     1.736              1.229--2.452        0.002[\*](#t2-fn1){ref-type="fn"}   0.774   0.324--1.852                 0.565
  Vascular invasion                                                                                                                 
   Positive vs. Negative           1.887              1.065--3.343        0.029[\*](#t2-fn1){ref-type="fn"}   2.035   0.849--4.881                 0.111
  GNA13 expression                                                                                                                  
   High vs. Low                    1.676              1.187--2.366        0.003[\*](#t2-fn1){ref-type="fn"}   1.558   1.096--2.215   0.014[\*](#t2-fn1){ref-type="fn"}

^\*^P \< 0.05.

###### Univariate and multivariate Cox regression analysis of prognostic factors in 246 HCC patients for disease-free survival.

  Variable                     Univariate analysis   Multivariate analysis                                                               
  --------------------------- --------------------- ----------------------- ------------------------------------- ------- -------------- -----------------------------------
  **Disease-free survival**                                                                                                              
  Age (years)                                                                                                                            
   \>49 vs. ≤49                       1.002              0.989--1.015                       0.782                                                          
  Sex                                                                                                                                    
   male vs. female                    0.669              0.372--1.202                       0.178                                                          
  AFP (ng/ml)                                                                                                                            
   ≥200 vs. \<200                     1.200              0.898--1.604                       0.217                                                          
  Liver cirrhosis                                                                                                                        
   Positive vs. Negative              1.527              1.051--2.219         0.026[\*](#t3-fn1){ref-type="fn"}    1.747   1.190--2.564   0.004[\*](#t3-fn1){ref-type="fn"}
  Tumor size(cm)                                                                                                                         
   \>5 cm vs. ≤5 cm                   1.411              1.040--1.915         0.027[\*](#t3-fn1){ref-type="fn"}    1.379   1.000--1.901                 0.050
  Tumor multiplicity                                                                                                                     
   Multiple vs. Single                1.956              1.375--2.782        \<0.001[\*](#t3-fn1){ref-type="fn"}   1.495   0.619--3.612                 0.371
  Pathological grade                                                                                                                     
   III-IV vs. I-II                    1.489              1.114--1.991         0.007[\*](#t3-fn1){ref-type="fn"}    1.457   1.079--1.969   0.014[\*](#t3-fn1){ref-type="fn"}
  TNM stage                                                                                                                              
   III-IV vs. I-II                    1.633              1.193--2.234         0.002[\*](#t3-fn1){ref-type="fn"}    0.972   0.630--1.502                 0.900
  BCLC stage                                                                                                                             
   B-C vs. 0-A                        2.011              1.471--2.748        \<0.001[\*](#t3-fn1){ref-type="fn"}   1.190   0.475--2.979                 0.710
  Vascular invasion                                                                                                                      
   Positive vs. Negative              2.229              1.330--3.737         0.002[\*](#t3-fn1){ref-type="fn"}    1.714   0.638--4.605                 0.285
  GNA13 expression                                                                                                                       
   High vs. Low                       1.654              1.222--2.238         0.001[\*](#t3-fn1){ref-type="fn"}    1.564   1.148--2.132   0.005[\*](#t3-fn1){ref-type="fn"}

^\*^P \< 0.05.

[^1]: These authors contributed equally to this work.
